We demonstrated a two-fold acceleration of the fast time constant characterising the recovery of a P-doped Indium-Phosphide Photonic Crystal all-optical gate. Time-resolved spectral analysis is compared with a three-dimensional drift-diffusion model for the carrier dynamics, demonstrating the transition from the ambipolar to the faster minority carrier dominated diffusion regime. This open the perspective for faster yet efficient nanophotonic all-optical gates.
I. INTRODUCTION
The original motivation for all-optical signal processing is the intrinsic very high speed of the nonlinear optical processes. The ultra-fast power-dependent phase accumulation in a singlemode optical fibre can be converted into amplitude-modulation using a suitable interferometric configuration, such as the nonlinear optical loop mirror [1] , which had indeed been used extensively for ultra-fast all-optical signal processing. More recently, the emphasis shifted into decreasing the overall power consumption, which is critical in optical interconnects. An important result, in this context, is the drastic decrease of energy required for all-optical switching in photonic crystal resonators, owing to the strong optical confinement [2] . Crucial here is also the very strong nonlinear effect resulting from the excitation of free-carriers and the consequent change of the refractive index [3] . This nonlinear response substantially differs from the Kerr effect since it is non-instantaneous. Carriers accumulate (and the refractive index changes) as the pump is being absorbed and then relax with a time which is related to the diffusion and the surface recombination. It has been shown that the strong gradient in the distribution of the photo-excited carriers in Indium Phosphide and in Silicon PhC cavities is responsible for a very fast diffusion, which amounts to a response which is much faster [2] , [4] than the typical carrier lifetime in these materials. Thus, all-optical signal processing has been demonstrated InP based PhC cavities, namely all-optical sampling [5] , wavelength conversion [6] , [7] and non-reciprocal transmission [8] at a repetition rate of 10 GHz. It is however desirable to improve speed further, which necessarily implies to modify the material properties. It is well known that recombination rate can be improved by increasing the number of trap states. This has also been demonstrated with Silicon photonic crystal [9] and micro-ring cavities [10] . Another possibility is to trap carriers at the surface using a quantum well, where recombination is much more effective [7] . Here we investigate the possibility of accelerating the diffusion process itself. PhC gates in Silicon and Indium Phosphide ( [2] , [4] , [11] ) owe their fast response to a diffusion process which depends on the ambipolar diffusion constant D a = (D −1
It is apparent that, in this respect, Silicon and InP are expected to behave similarly, because D a ≈ 5cm 2 /s is dominated by the slow holes in InP. In contrast, when InP is doped with acceptors, diffusion is regulated by minority carriers (electrons) with D n ≈ 130cm 2 /s, way larger, thus diffusion is expected to be much faster [12] . Based on this, we have fabricated a nonlinear photonic crystal gate based on P-doped InP. Acceptors, with density N a = 5 × 10 16 cm −3 are created in situ during the Molecular Beam Epitaxy. This doping level is to be compared to the typical injection level in these structures. The design of the device consists in a dual-mode resonator obtained by coupling two H 0 photonic crystal cavities [13] patterned on a 250 nm thick InP suspended slab. The period of the photonic crystal is a = 465 nm, and the four nearest holes are displaced along orthogonal directions by d x = 0.16a (K direction) and d y = 0.07a. The two cavities are spaced by the vector R = 3a 1 + 3a 2 (M direction). This design is known as a Photon Molecule and was introduced in InP all-optical gates recently [5] . The main particularity here is that the resonantor itself is made very close to the input and output free space couplers, which are located on the same side and therefore accessed with the same objective lens ( fig. 1a,c) . As a result, the transmission spectra do no show any spectral features related to disorder-induced scattering, thereby limiting distortion and insertion losses. The device is fabricated by e-beam patterning a resist used to define a silica hard mask. The pattern is then transferred to the III-V semiconductor by Inductively Coupled Plasma (ICP) etching. The sacrificial InGaAsP underlying layer is removed by chemical etching. The fundamental resonances of the H 0 cavities are split by about 10 nm, which allows a comfortable spectral separation between the pump and the probe.
II. SAMPLE DESIGN AND FABRICATION

III. TIME-RESOLVED SPECTRAL ANALYSIS
The recovery dynamics of the all-optical gate, specifically, the evolution of instantaneous detuning, is measured with a time-resolved spectral technique, consisting in recording the transmission (or the reflection) spectra of a short probe pulse as withe light, as a function of its delay relative to the pump. This is similar to [14] , [15] , except that here pump and probe are both obtained by a femto-second fibre laser (Optisiv) and, consequently, lie in the Telecom spectral domain, as in ref. [5] . Here, InP is transparent and the residual absorption can safely be neglected. Free carriers are generated by two-photon absorption in the cavity only. The probe is approximately 80 nm broad and almost flat, and the duration is approximately 2 ps (Fig. 1b) . The pump is obtained after filtering and amplification of the femtosecond laser output and the relative delay is controlled mechanically with a translation stage (Fig. 1) . The spectral power density of the probe is at least 2 orders of magnitude below the pump. Moreover, the same measurement was repeated by varying the probe level to confirm the absence of any influence on the dynamics. The output signal is send to and Optical Signal Analyser (OSA) and the region of interest is restrained around λ probe (Fig. 1c ). The instantaneous cavity detuning is directly related to the carrier effective density, assuming that free-carrier induced index change is dominant, as is the case here. Δλ ∝ ∂N ∂n N ef f , where N ef f ∝ (n + p)W (r)dV , i.e. the free carriers distribution weighted by the distribution of the electric energy W (r) of the cavity mode (normalized). The time-resolved transmission spectra are represented as an intensity map ( Fig. 2a) , which clearly reveals the spectral blue shift of the resonance after the excitation by a 3 ps long pump pulse. An estimate of the instantaneous detuning is obtained by calculating the first order moment of the spectral power density: λ c = λS(λ)dλ, which is represented in Fig. 2b . Two time constants τ 1 and τ 2 are apparent. The slow decay rate τ 2 is related to the surface recombination, while the fast time constant τ 1 corresponds to the fast diffusion dynamics [2] , [4] , [16] .
IV. RESULTS AND DISCUSSION
The carrier relaxation is either in the ambipolar regime or it is dominated by minority carriers (hence faster), depending on whether the injected density is larger or smaller than the doping level. In order to appreciate this, we have developed a three-dimension finite element model of the drift-diffusion equations based on the COMSOL environment:
Here n and p represent the density of electrons and holes, V is the electrical potential, N a = 5 × 10 16 cm −3 is the acceptor doping concentration and D n = 130cm 2 /s and D p = 5cm 2 /s and μ n = 5400cm 2 /s and μ n = 200cm 2 /s. The initial condition is the carrier distribution, corresponding to the spatial distribution of the generation rate, which is proportional to the two-photon absorption rate, hence to W (r) 2 . The result is shown in Fig. 3 and clearly reveals a strong change in the fast time constant (the slope of the relaxation) as the injection level is changed. We now plot the measured fast time constant as a function of the coupled pump power (Fig. 4a) , which is estimated by considering that linear transmission through the gate is about 80% and that, by symmetry, the coupling coefficient is obtained by the square root of the transmission at resonance (about 2%). Two regimes are clearly distinguishable: when the average input power is above 20 μW , which translates into a coupled pump energy of 80fJ, then τ 1 is roughly constant and equal to 10 ps. Conversely, when the pump power is decreased below that level, then τ 1 decreases steadily to about 6 ps for the weakest power injection (40fJ), only limited by measurement noise. This behaviour is well reproduced by the our driftdiffusion model, which confirms that the cross-over is indeed related to when the injection level goes below the doping density, hence 5 × 10 16 cm −3 . This is also apparent when considering the spatial distributions (Fig. 4b) of the electrons calculated after 10 ps, a time scale which is relevant for switching. In the minority carrier diffusion regime, electrons spread much farther away, which translates into a faster decrease of the effective carrier concentration (i.e. in the centre of the cavity). 
V. CONCLUSION
We demonstrate a two-fold acceleration of the fast time constant of the relaxation of the response of a p-doped InP all-optical gate based on a PhC resonator. The acceleration corresponds to the transition from ambipolar to minority carrier limited diffusion regime, which is confirmed by a 3D driftdiffusion model. The shortest experimental value of the fast time constant is 6 ps, half of the one in the ambipolar case (that is, in undoped InP structures). We point out that the doping level can be adjusted to set the transition to the minority carrier regime to a higher injection level, depending on the desired operation point. This opens new insight for ultra fast and energy efficient all-optical signal processing, such as timedomain demultiplexing, wavelength conversion and all-optical sampling of wide bandwidth microwave signals.
